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ABSTRACT
Context. The accuracy of orbit determination has a strong impact on the scientific output of the Space VLBI mission RadioAstron.
Aims. The aim of this work is to improve the RadioAstron orbit reconstruction by means of sophisticated dynamical modelling of its
motion in combination with multi-station Doppler tracking of the RadioAstron spacecraft.
Methods. The improved orbital solution is demonstrated using Doppler measurements of the RadioAstron downlink signal and by
correlating VLBI observations made by RadioAstron with ground-based telescopes using the enhanced orbit determination data.
Results. Orbit determination accuracy has been significantly improved from ∼ 600 m in 3D position and ∼ 2 cm/s in 3D velocity to
several tens of metres and mm/s, respectively.
Key words. astrometry – techniques: interferometric – instrumentation: interferometers – instrumentation: miscellaneous
1. Introduction
The Russian Federal Space Agency’s RadioAstron mission uses
a ten-metre parabolic antenna on board a dedicated Spektr-R
spacecraft, which was launched into a highly elliptical orbit in
July 2011 to perform observations of galactic and extragalac-
tic radio sources as a space-borne component of a Space Very
Long Baseline Interferometry (SVLBI) system (Kardashev et al.
2013).
Accurate knowledge of the spacecraft position is paramount
for successful SVLBI observations. The mission’s nominal orbit
determination (OD) accuracy provided by the Ballistic Centre
of the Keldysh Institute of Applied Mathematics of the Russian
Academy of Sciences (KIAM) is at the level of ∼ 600 metres
in 3D position and ∼ 2 cm/s in 3D velocity for the final orbit
model available two to three weeks after any given date. This
level of accuracy does allow SVLBI response (so-called fringes)
to be detected in many cases, but is a limiting factor for advanced
scientific applications, in particular, because of the unknown ac-
celeration of the spacecraft.
The main factors determining the complicated orbital dy-
namics of RadioAstron include:
1. The necessity of regularly (about once a day) unloading the
reaction wheels by firing thrusters, which perturbs the orbit.
The reaction wheels experience a high load due to solar ra-
diation pressure (SRP) exerted on the spacecraft structure,
especially the 10 m radio telescope’s antenna;
2. The orbit of the spacecraft being perturbed by the Moon. It
was designed this way to allow various parts of the sky to be
observed on a range of baselines during the mission lifetime,
but at the cost of additional complications in orbit determi-
nation.
High-accuracy orbit determination opens new scientific op-
portunities for RadioAstron. In particular, the current experience
with RadioAstron suggests that its performance at the highest
observing frequency of 22 GHz is limited by the orbit deter-
mination accuracy. Precise spacecraft state-vector determination
will ensure the high sensitivity of RadioAstron necessary for
tasks such as VLBI polarimetry at 22 GHz. SVLBI polarimetry
at this frequency offers the potential for probing magnetic field
structure in extragalactic relativistic jets on spatial scales never
probed before.
In RadioAstron OD, data obtained from ground-tracking sta-
tions and on-board measurements are utilised. Routine tracking
is performed by two Russian stations – near Ussuriysk with a
70-m antenna and at Bear Lakes with a 64-m antenna. The data
usually contain two-way range and Doppler observations (up-
link frequency – 5.7 GHz, downlink – 3.4 GHz). The RadioAs-
tron spacecraft is equipped with an H-maser frequency standard,
which supports VLBI data acquisition and provides stable het-
erodyne reference for 8.4 GHz and 15 GHz downlink signals.
The latter carries down the encoded observational data of the
space radio telescope. During observations of a radio source,
both signals are transmitted to a receiving station on Earth, ei-
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ther in Pushchino, Russia (station code Pu), or in Green Bank,
West Virginia, USA (station code Gn). In the nominal regimes
of RA operation that are used most often, a station observes both
8.4 and 15 GHz signals thereby enabling estimates of one-way
Doppler. The other nominal regime when RA operates in a two-
way mode implies no use of the on-board H-maser. The space-
craft also features an array of retroreflectors suitable for laser
tracking. However, laser tracking is performed only occasion-
ally, since among other conditions, it requires certain and not al-
ways attainable attitude of the spacecraft and favourable weather
conditions. In addition, optical observations of RA spacecraft
provide another OD data source.
On-board measurements generally feature attitude quater-
nions, rotation speeds of the reaction wheels, and operation pa-
rameters of thruster firings during an unloading, such as times
of execution, duration, and mass of spent propellant. Attitude
data are the most important since the direction of the change in
spacecraft’s velocity due to each unloading and SRP depend on
it. Most of the time SRP is the only source of perturbing torque.
During a radio astronomy science session, the spacecraft keeps
constant attitude with respect to an inertial frame, therefore the
angular momentum of reaction wheels only changes because of
the perturbing torque, which, in turn, can be estimated if the ro-
tation speeds of reaction wheels are known. Thrusters’ operation
parameters help to estimate the magnitude of velocity change ∆v
thanks to an unloading of reaction wheels. The spacecraft is not
equipped with accelerometers so that non-gravitational perturba-
tions due to SRP and unloadings cannot be measured directly.
In an attempt to help improve the OD, Doppler observations
with the European VLBI Network (EVN) telescopes of the Ra-
dioAstron spacecraft via its 8.4 GHz downlink signal have been
conducted using the technique of Planetary Radio Interferometry
and Doppler Experiments (PRIDE) led by the Joint Institute for
VLBI in Europe (JIVE) (Duev et al. 2012). PRIDE is designed as
a multi-purpose, multi-disciplinary enhancement of space mis-
sions science return that is able to provide ultra-precise estimates
of spacecraft state vectors based on the phase-referenced VLBI
tracking and radial Doppler measurements. These can be used
for a variety of scientific applications (see, e.g., Molera Calvés
et al. (2014)).
In this work, a new dynamical model of the RadioAstron
motion and a new technique for additional utilisation of on-
board measurements have been developed at KIAM. We demon-
strate the quality of the improved orbital solution using PRIDE
Doppler measurements of RadioAstron’s downlink signal and
the impact on data processing of RadioAstron observing science
data.
2. Dynamical modelling of RadioAstron spacecraft
motion for orbit determination and orbit
estimation pipeline
The RadioAstron mission is not an easy one for orbit determi-
nation, although OD is an important ingredient in SVLBI. For
RadioAstron, the development of a consistent dynamical model
of the spacecraft is associated with a number of challenges. The
most important one is defined by a significant amount of solar
radiation pressure exerted on the spacecraft’s surface, which pro-
duces both a perturbing acceleration and a torque. The accelera-
tion, which has an average value of about 1.5·10−7 m/s2, strongly
depends on the spacecraft attitude and, owing to a complicated
spacecraft’s surface, has non-zero components in the direction,
orthogonal to the Sun. Spacecraft dynamics are also complicated
by the side effects of the stabilisation system’s operation. The
spacecraft maintains constant attitude with respect to an iner-
tial frame except for the times when the orientation is changed
intentionally to, for example, repoint the spacecraft to another
radio source or to cool down the receiver while not observing.
Attitude stabilisation is performed by means of reaction wheels.
External torque leads to gradual build-up of angular momentum
of reaction wheels and its subsequent unloading via stabilisation
thrusters. Unloadings generally occur one to two times per day
and produce a change in velocity of the spacecraft centre of mass
of 3–5 mm/s in magnitude at a time. Both perturbations due to
SRP and to unloadings of reaction wheels can be a source of
significant orbital inaccuracy and require proper modelling.
The newly developed dynamical model of RadioAstron
spacecraft motion is described in Appendix A. The orbit esti-
mation pipeline is presented in Appendix B.
3. Testing the improved orbit
The approach described in Appendices A and B was applied
to an orbital arc of RadioAstron spanning from February 20 to
April 10, 2013. In the middle of this interval, a number of SVLBI
observations were carried out, providing a test case for the orbital
solution quality.
The joint RadioAstron-EVN experiment GK047A was
aimed at full-polarisation SVLBI imaging of the high-redshift
quasar 0642+449 at 1.6 GHz as a part of the RadioAstron
early science programme. These observations were conducted
from 10:00 UTC, 2013.03.09 to 01:00 UTC, 2013.03.10. Par-
ticipating telescopes and observational time ranges for particu-
lar telescopes are summarised in Table 1. Although the maxi-
mum projected baseline was about 1 Earth diameter, the geo-
centric distance of RadioAstron during this experiment ranged
from 120,000 to 190,000 km, which is more important for the
purposes of this test.
The experiment GK047A was accompanied by the simulta-
neous PRIDE observations at 8.4 GHz with 5 EVN stations of
the RadioAstron downlink telemetry signal designated with the
code GK047B. Participated stations and their observational time
ranges are given in Table 1.
The orbital solution was put to the test using two indepen-
dent approaches. First, the topocentric Doppler detections of the
GK047B experiment were checked against model values, calcu-
lated using the improved orbit versus the values based on using
the nominal orbital solution. Second, the VLBI data acquired by
RadioAstron during the GK047A observational run were corre-
lated with those of the ground-based telescopes. Similarly, two
sets of model VLBI delays for RadioAstron were used, based on
the nominal and the improved orbits.
3.1. Doppler observations of the RadioAstron downlink signal
For the GK047B experiment, the narrow-band Doppler data pro-
cessing and carrier frequency extraction were conducted at JIVE
with the SWSpec/SCtracker/DPLL software developed at the
Metsähovi Radio Observatory, Finland, in collaboration with
JIVE1 (Molera Calvés 2012). The output sampling time of our
Doppler detections is ten seconds.
1 Wagner, J., Molera Calvés, G. and Pogrebenko, S.V. 2009-2014,
Metsähovi Software Spectrometer and Spacecraft Tracking tools, Soft-
ware Release, GNU GPL, http://www.metsahovi.fi/en/vlbi/
spec/index
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Table 1. Experiment GK047. Participating stations and observational UTC time ranges.
Antenna Code Country GK047A GK047B
Badary Bd RU 20:00 – 01:00 –
Effelsberg Ef DE 10:00 – 01:00 –
Evpatoria Ev UA 10:00 – 01:00 –
Greenbank Gb US 10:00 – 01:00 –
Hartebeesthoek Hh ZA 10:00 – 01:00 –
Jodrell Bank (Lowell) Jb1 UK 10:00 – 01:00 –
Medicina Mc IT – 12:00 – 01:00
Metsähovi Mh FI – 10:00 – 01:00
Noto Nt IT 10:00 – 01:00 –
Onsala60 On20 SE – 10:00 – 01:00
Onsala85 On25 SE 10:00 – 01:00 –
Robledo Ro ES – –
Sheshan Sh CN 10:00 – 01:00 –
Svetloe Sv RU – 20:00 – 01:00
Torun Tr PL 10:00 – 01:00 –
Urumqi Ur CN 10:00 – 01:00 –
Westerbork Wb NL 10:00 – 01:00 –
Wettzell Wz DE – 10:00 – 01:00
Zelenchukskaya Zc RU 20:00 – 01:00 –
Fig. 1. (top) Observed (O) topocentric RadioAstron downlink signal
carrier frequencies (thick lines) versus computed (C) model values (thin
lines). (bottom) Differential frequencies (observed minus computed us-
ing the nominal orbital solution). Predictions account for geometrical,
instrumental (including clock offsets/rates with respect to the GPS time
scale), and propagation effects. Experiment GK047A, 2013.03.09-10.
The detected topocentric frequencies of the RadioAstron’s
downlink signal carrier were checked against the computed
model values (see Fig. 1, top). The one-way topocentric Doppler
predictions were calculated using the software package PYP
(PYthon tools for PRIDE). This package coded in python pro-
gramming language is based on the VINT software (Duev et al.
2012), which was considerably re-engineered for the JIVE’s op-
erational purposes. The theoretical model used for calculating
predictions is described in Duev (2012).
The differential frequencies (observed minus computed)
demonstrate the quality of the orbital solution used for calcu-
lating the model values (see Fig. 1, top)2. In the case of the nom-
2 Owing to a wide dynamic range any difference between the predic-
tions based on nominal and improved orbits is not seen
Fig. 2. (top) Differential frequencies (observed minus computed). Pre-
dictions only take geometrical effects into account. (bottom) Differen-
tial frequencies (observed minus computed). Predictions account for ge-
ometrical, instrumental (including clock offsets/rates with respect to the
GPS time scale), and propagation effects. Epochs when RadioAstron’s
transmitter was cooling are filtered out. Station colour codes used cor-
respond to those from Fig. 1. Experiment GK047B, 2013.03.09-10.
inal orbital solution, a large offset and a significant drift of the
differential frequencies are clearly seen (Fig. 1, bottom). We also
note large outliers at the beginning and at the end of each scan
on frequency plots that result from the RadioAstron’s transmitter
requiring cooling in between the scans.
We then studied the differential frequencies for the improved
orbital solution. Two cases were investigated: when predictions
only account for the geometrical effects in a general relativistic
sense, taking all sorts of geophysical effects into account in com-
pliance with the IERS Conventions 2010 (Petit & Luzum 2010)
and when the instrumental (including clock offsets/rates at the
stations with respect to the GPS time scale) and propagation ef-
fects are considered as well. These are shown in Fig. 2 (top and
Article number, page 3 of 8
A&A proofs: manuscript no. aa24940-14
Fig. 3. Signal delays (top) and rates (bottom) at stations due to propa-
gation and instrumental effects. Experiment GK047B, 2013.03.09-10.
bottom), respectively. The outliers mentioned above can reach
∼ 0.2 Hz in magnitude and are therefore not seen in Fig. 2 (top),
which emphasises the impact of instrumental and propagation
effects on the detected frequency. These outliers were filtered
out in Fig. 2 (bottom) using a simple 3σ-criterion.
For each station, the topocentric geometrical Doppler pre-
dictions fgeom(t) (shown by thin lines in Fig. 2, top) were cor-
rected for the instrumental effects (thermal deformation of the
telescope dishes and axis offsets) and propagation in the Earth’s
troposphere and ionosphere to obtain the total Doppler predic-
tions f (t):
f (t) = fgeom(t − τip) · (1 − τ˙ip), (1)
where t is time in UTC, τip and τ˙ip are the total signal delays and
delay rates due to instrumental effects and propagation, respec-
tively.
Equation 1 immediately follows from the phase of an electro-
magnetic wave detected at a station ϕ being related to the phase
of the same wave in the absence of instrumental and propagation
effects ϕgeom as ϕ(t) = ϕgeom(t − τip) and from frequency being a
time derivative of phase.
The delay rates at stations τ˙ip were computed numerically
using the predictions of delays due to the mentioned effects (see
Fig. 3)3. The results demonstrate the high accuracy of the models
used in the PYP software (compare Fig. 3 (bottom) with Fig. 2
(middle) and the result of taking the effects into account in Fig.
2 (bottom)).
When comparing Fig. 1 (bottom) with Fig. 2, an improve-
ment in the orbital solution accuracy (two orders of magnitude
for the velocity) is clearly seen. An offset of ∼ 0.2 Hz in differen-
tial frequency at 8.4 GHz corresponds to an error of ∼ 0.7 cm/s
in velocity for the nominal orbit, whereas for the improved orbit
it is ∼ 1 mHz corresponding to ∼35 µm/s (with σ = 3 mHz, or
0.1 mm/s).
The Doppler data gathered during these PRIDE-runs were
fed into the orbit estimation pipeline described in Appendix B.
Two orbital solutions were obtained: the initial one – by using
3 Detailed description of the models used at this stage is given in Duev
et al. (2012).
Fig. 4. Difference between orbits obtained with and without PRIDE
data. Position (top) and velocity (bottom) offsets are projected on the
axis of orbital reference frame: radial – green, normal – orange, binor-
mal – blue. Reaction wheel unloading was carried out around 16:20,
hence the discontinuity in velocity difference.
only the standard OD data and the improved ones by includ-
ing the PRIDE Doppler observations into the OD process. Com-
parison of those orbits has shown a difference up to ∼ 200 m
in position and slightly above 1 mm/s in velocity. According
to the comparison and also consistent with covariance analysis,
the most significant part of the difference is located in the nor-
mal direction, which lies in the orbital plane orthogonal to the
radial direction (see Fig. 4). As expected, the covariance ma-
trix of the improved orbit demonstrated a significant increase
of accuracy of the velocity part of the spacecraft state vector
during the experiment. Semi axes of the corresponding ellipsoid
(1σ level) have decreased from [0.70, 0.18, 0.39] mm/s to [0.49,
0.13, 0.31] mm/s. As for the formal estimation of positional ac-
curacy, the use of PRIDE Doppler observations significantly im-
proves the accuracy in the radial and binormal directions. How-
ever, error in the normal direction, which is the limiting factor
for the spatial accuracy, has only decreased by 11%. In contrast
to the formal assessments, the accuracy of the improved orbit is
clearly demonstrated by a comparison of the observed and cal-
culated Doppler values on both orbits. As Fig. 5 (top) shows, the
initial orbit contains systematic errors in velocity up to ∼ 0.35
mm/s and in acceleration up to ∼ 1.1 · 10−8 m/s2. On the other
hand, the improved orbit is almost free of such biases in the well-
measured radial direction (see Fig. 5 (bottom)).
3.2. Correlation of SVLBI data at JIVE.
The data of the experiment GK047A were correlated using
the EVN Software Correlator at JIVE SFXC (Keimpema et al.
2014). The VLBI delay model used for correlating RadioAstron
data differs significantly from the one used in the standard Earth-
based VLBI. First, the model from Vlasov et al. (2012) is used
instead of the conventional one from the IERS Technical Note 36
(Petit & Luzum 2010). This model (Vlasov et al. 2012) takes into
account all terms up to O((v/c)3) order and includes all terms
that depend on acceleration of both the Earth and the spacecraft.
It provides a better-than-1-ps accuracy of delay ∆˜T prediction
for the case where one antenna is orbiting the Earth at a distance
comparable to that of the Moon.
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Fig. 5. One-way Doppler (Pushchino + PRIDE observations) data fit
(O−C) on the initial (top) and the improved (bottom) orbital solutions.
Fig. 6. Improved versus nominal orbital solution: difference in mea-
sured residual delays (blue dots) compared to the difference in modelled
delays (green dots) (top) and their double difference (bottom). Baseline
Effelsberg – RadioAstron. Experiment GK047A, 2013.03.09-10.
Second, as mentioned above, the RadioAstron data are not
recorded on board, but rather streamed down by the 15 GHz
link to a tracking station. Because of a hardware problem, time-
stamp information in the data stream is lost (Anderson 2012).
Therefore, the first frame of a scan gets locked to the local os-
cillator (LO) at the receiving station, after which the signal is
treated simply as a byte stream. Thus the light travel time LTSG
from the RadioAstron to the Ground receiving station has to be
subtracted from the pre-calculated delays for RadioAstron in the
TT time scale4 for each of the scan start times. Instrumental and
propagation delays are included in LTSG. We note that the iono-
4 The terrestrial time TT is the theoretical time–scale for clocks at sea-
level. It differs by 32.184 seconds from the international atomic time
scale TAI, the only physically realised time–scale. The latter, in turn,
differs by a number of leap-seconds from the time–scale used for timing
measurements at stations – the coordinated universal time UTC. There
is only an offset between these time scales, but no rate.
spheric delay here is calculated for the frequency of 15 GHz,
because RadioAstron down-streams data at this frequency.
Third, one needs to account for the gravitational redshift
(Anderson 2012). In the framework of the IAU resolutions (Petit
& Luzum 2010), the proper time τS of a spacecraft located at the
position xS and having the coordinate velocity vS in the geocen-
tric celestial reference system (GCRS) can be transformed into
the TT time scale
dτS
dTT
= 1 + LG − 1c2
[v2S
2
+ UE(xS ) + V(XS ) −
V(XE) − xiS ∂iV(XE)
]
= 1 + LG + f (TT ), (2)
where for brevity we introduced the function
f (TT ) = − 1
c2
[v2S
2
+UE(xS ) +V(XS )−V(XE)− xiS ∂iV(XE)
]
. (3)
Here, LG = 6.969290134 × 10−10, t0 is the start epoch of a scan,
UE is the Newtonian potential of the Earth at xS in the geocentric
system GCRS, V the sum of Newtonian potentials of the other
bodies (mainly the Sun and the Moon), either at the Earth’s cen-
tre of mass XE or at the spacecraft location XS in the barycentric
celestial reference system BCRS:
UE(xS ) =
GME
|xS | +
GMER2E J2
2|xS |3
(
1 − 3z
2
S
|xS |2
)
, (4)
V(XE) =
∑
J
GMJ
|R⊕J | , V(XS ) =
∑
J
GMJ
|RS J | , (5)
xiS ∂iV(XE) = −
∑
J
GMJ
xS · R⊕J
|R⊕J |3 . (6)
Here R⊕J and RS J are the vectors from the J-th gravitating body
to the geocentre and to the spacecraft, respectively:
R⊕J = RBCRSJ − RBCRS⊕ ≈ rGCRSJ (7)
RS J = RBCRSJ − RBCRSS ≈ rGCRSJ − rGCRSS . (8)
To account for the redshift, one needs to integrate Eq. 2 over
a scan span time, which yields
τS
∣∣∣∣∣
t
= (1 + LG) · (t − t0) +
∫ t
t0
f (TT )dTT. (9)
The final formula for the delay ∆T in the TT frame to be fed
into the correlator is given by the following equation:
∆T = ∆˜T + LTSG + τS . (10)
The fringes on ground-space baselines were detected using
the delay model for RadioAstron described above. Both delay
sets calculated using the nominal and the improved orbital solu-
tions yielded strong fringes. The results of the cross-correlation
were fringe-fitted using the AIPS software (Greisen 2003), as
well as the software tools, developed at JIVE. The residual clock
offsets and clock rates, as free parameters, were removed from
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both of the solutions. The difference in measured residual delays
was compared to the difference in modelled delays. The results
of this comparison are shown in Fig. 6 (top) for the baseline Ef-
felsberg – RadioAstron. The observed and the computed values
show good agreement demonstrated by the double difference,
which is presented in Fig. 6 (bottom).
Although in this particular case the improved orbit is not
critical, it will be useful for weaker sources, when a consider-
able ‘clock acceleration’ does not allow using longer integration
times to detect fringes.
4. Discussion and conclusions
We have presented a new approach to orbit determination of
the RadioAstron spacecraft. When applied utilising multi-station
Doppler tracking data, it provided a significant improvement in
the accuracy of the orbital solution, which was demonstrated and
validated using both Doppler and VLBI measurements. How-
ever, we need to point out that the positional accuracy of Ra-
dioAstron can be improved further if one includes the VLBI
observations of the RadioAstron downlink signal (in addition
to Doppler and other measurements used currently) in the or-
bit determination process. Several technical problems have to
be solved in that concern, with the first one being continuous
tracking of spacecraft by ground telescopes. The spacecraft’s an-
gular motion on the celestial sphere is quite fast and can even
be anti-sidereal. Therefore, if tracking is not continuous, i.e. the
telescopes are repointed every few seconds5, the spacecraft will
constantly move out of the primary (synthesised) beam of the
interferometric array. Although the spacecraft signal will still be
detected via the side lobes, this will result in ‘glitches’ when de-
riving the group delay of the observed signal at times when the
telescopes are repointed. These can reach several nanoseconds
in magnitude, practically eliminating the benefit of using such
data.
Further improvement of the state vector determination ac-
curacy, in addition to scientific applications of the RadioAstron
mission mentioned in the introduction, will be beneficial for an
initiative to measure the gravitational redshift of frequency ∆ f
experienced by an electromagnetic wave travelling in a region of
space with varying gravitational potential (Misner et al. 1973).
Precise measurement of this quantity will make it possible to
achieve a better constraint on the value of the post-Newtonian
parameter γ, which is equal to unity in general relativity, but
which deviates from it slightly in alternative models. Accurate
Doppler measurements of the RadioAstron’s downlink signal
might play an important role in such an experiment (for details,
see Biriukov et al. (2014)). To demonstrate the achievable pre-
cision, we performed the following test. The filtered differential
frequency time series from Fig. 2 (bottom) for each station were
smoothed to suppress short-term variations, then the mean val-
ues were subtracted from the data and a weighted average over
all stations was computed. The residual Doppler noise is on av-
erage at the level of 10-20 µm/s in 250 seconds (see Fig. 7). This
sets a limit for the accuracy of experimental determination of γ at
the level of 1.8·10−5 over ∼ 1000 hours if no noise-compensation
scheme is used. In case such a scheme is utilised, the accuracy
can be improved by an order of magnitude (Biriukov et al. 2014),
which is comparable to or even better than the result obtained us-
ing Cassini spacecraft tracking during solar conjunction (Bertotti
et al. 2003).
5 This is constrained by the telescope motor’s characteristics. Starting
and stopping them too often is not technically possible.
Fig. 7. Residual Doppler noise. Experiment GK047B.
Another important issue in this context is the accuracy of
clock offset time series provided by the stations. Usually, these
are given with a time resolution of one day with a typical round-
ing error of ∼ 1 ns. This is sufficient for using these data for their
main purpose – as a priori values when searching for the clock
parameters (offset and rate) of stations with respect to a refer-
ence station when performing the VLBI correlation. However,
such accuracy can result in a significant error in the calculated
delay rates used in the Doppler analysis, where absolute values
are used. For instance, the differential frequency offset for sta-
tion Medicina clearly seen in Fig. 2 (bottom, green dots), is at
the level of 3 mHz, which corresponds to a delay rate of 0.3 ps/s,
which in turn could be easily explained by an insufficient accu-
racy of the time series of the nominal H-maser versus GPS clock
offsets. Therefore, we suggest that stations keep clock offset time
series with a denser time resolution and with more digits in the
readings.
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Table A.1. Description of the RadioAstron dynamical model6
Gravity
Static EGM96 up to 75th degree/order
Third bodies DE405 Sun, Moon, and all planets
Earth tides IERS 2003 conventions
Pole tides Solid Earth
Ocean tides FES2004 up to 20th degree/order
General relativity IERS 2010 conventions
Surface forces
Solar radiation Box-wing + SRT (3 parameters)
Earth radiation Applied (18x9 elements)
Atmospheric drag GOST R 25645.166-2004 density model
Reaction wheels unloadings
Direction Spacecraft attitude from on-board star sensors and attitude event file
Delta V value From known mass of spent propellant and a priori thrust values
Measurements of angular momentum change of reaction wheels
Appendix A: Dynamical model of RadioAstron
motion
The motion of the centre of mass of RadioAstron is considered
passive between adjacent unloadings. The force model, which
was used in corresponding equations of motion on passive arcs,
is reflected in Table A.1. We only go into detail about the SRP
model, since the models of other perturbations are fairly com-
mon (see, e.g., Motenbruck & Gill 2001). The SRP model is
based on the analytical calculation of solar flux pressure, which
is divided into absorbed, reflected specularly and reflected dif-
fusely parts. Net SRP is calculated by integration over a sim-
plified spacecraft surface. The model surface consists of the
parabolic antenna of the space radio telescope (SRT), spacecraft
bus, and solar panels (see Fig. A.1). As in a so-called box-wing
model, the surfaces of spacecraft bus and solar panels are flat
rectangles. The SRT surface is split into multiple flat elements
in order to take the shadowing from other parts of the spacecraft
into account.
Reflectivity and specularity of the corresponding surfaces are
used as the parameters of the model. Since the spacecraft bus
and the illuminated parts of SRT are covered with a multi-layer
insulation (MLI), the optical properties of these surfaces were
believed to be the same. For solar panels, in order to avoid cor-
relation between the parameters, the specularity value was set to
unity. Thus the SRP model is adjusted by means of three param-
eters: specularity µ1 and reflectivity α1 of MLI and reflectivity
α2 of the solar panels. It is noteworthy that the model also al-
lows estimating perturbing SRP torque, as far as the simplified
surface only consists of flat elements with known coordinates of
centres of pressure with respect to the centre of mass.
The effect of an unloading of reaction wheels on the space-
craft motion is incorporated into the dynamical model because
the instantaneous velocity increment ∆v occurred at a known
time. The whole process of unloading of reaction wheels takes
less than a couple of minutes and consists of several firings of
stabilisation thrusters. The time of ∆v application is calculated
as a weighted average of the times of firings during the unload-
ing. In this approach, the impact of unloadings can be described
with a set of pairs {ti,∆vi}ni=1 of application times and velocity in-
crements. While times ti are considered to be known accurately
enough, the corresponding ∆vi are assumed to be the parameters
Fig. A.1. Simplified model of the spacecraft surface: SRT antenna,
spacecraft bus, solar panels (left panel). Permissible attitude of the
spacecraft with respect to the Sun prevents the sunlight from getting
to the antenna (Gurvits 1991). Therefore, a complex shadowing occurs
only on the SRT antenna surface (right panel; the spacecraft is illumi-
nated from the bottom right corner).
of the dynamical model to be refined in the course of the OD
process.
Appendix B: Orbit estimation pipeline
The RadioAstron orbit determination process uses a least-
squares algorithm, in which parameters of dynamical and mea-
surement models are iteratively adjusted to provide the best fit of
the given tracking data. The dynamical parameters comprise the
initial state vector (position and velocity) of the spacecraft, pa-
rameters of the SRP model and velocity increments {∆vi}ni=1 due
to i−th unloading of reaction wheels (with a total of n unloadings
for one orbital arc). Among the parameters of the measurement
model are per-pass range biases and a constant spacecraft clock
offset rate that is causing a shift in one-way Doppler observables.
These parameters are determined using orbital arcs of up to 50
days long.
On-board measurements provide additional estimates of the
parameters of unloadings {∆v0i }ni=1 using attitude data, thrusters’
operation parameters, and the measured values of the unloaded
angular momentum of reaction wheels. We tried to keep the dy-
namical parameters of the model {∆vi}ni=1 as close as possible to
those estimates by adding the following term to the functional to
6 Detailed description of the models can be found in Standish 1998;
McCarthy & Petit 2004; Petit & Luzum 2010, and at http://www.
gosthelp.ru/gost/gost5827.html
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be minimised
∆ΦRW =
n∑
i=1
(∆v0i − ∆vi)T · Pi · (∆v0i − ∆vi), (B.1)
where Pi is a weight matrix for ∆v0i . The matrix is calculated
under an assumption that the direction of the estimated vector
is determined with rather small errors. It is true in the case of
RadioAstron since the spacecraft holds its attitude during un-
loading. The weight matrix is therefore given as follows
Pi = σ−2d (E − ei · eTi ) + σ−2v ei · eTi , (B.2)
where ei is the nominal direction of ∆vi, σv and σd are the cor-
responding errors along ei and orthogonal to it (magnitude and
direction errors), E is the identity matrix. Values for determin-
ing the weight matrix deviations are selected to correspond to a
3% error of |∆vi| magnitude estimation and a 0.5 degree error in
direction estimate.
Measurements of the rotation speeds of reaction wheels,
hence the angular momentum of the system, allow us to not only
verify ∆vi due to unloadings, but also to estimate the external
torque, which is mostly caused by SRP, and to calibrate the SRP
model. Torque measurements are performed, while the space-
craft is at a constant attitude, such as during observations and on
altitudes higher than 105 km in order to diminish the effect of
Earth-related torques, like gravitational torque. These measure-
ments are used along with the standard tracking data in the OD
process with the following residuals, whose weighted squares
are making the corresponding addition to the functional to be
minimised:
ξ =
L(t2) − L(t1)
t2 − t1 −MSRP(R,Λ, α1, µ1, α2). (B.3)
Equation (B.3) is written in a spacecraft fixed reference frame,
L(t) is the measured angular momentum of the reaction wheels,
(t1, t2) a timespan of an observation,M the computed SRP torque
depending on the Sun distance R, spacecraft attitude Λ, and
parameters of the model α1 , µ1 and α2. Additional data provided
by torque measurements contribute to the accuracy of the SRP
model and also significantly reduce the correlation between the
parameters of the model.
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